Abstract A new indirect method for measuring the arteriovenous 02 content difference (avDo 2) was developed. The avDo 2 was calculated by dividing the gradient of the C02 dissociation curve by that of a gas exchange ratio against Pco2. The latter slope was obtained from 02 and C02 concentrations in rebreathing air. The validity of the method was tested preliminarily in human subjects by comparing the cardiac output calculated from avDo 2 and 02 uptake (o2) with that measured hitherto by other authors, and then in dogs by comparing the calculated avDo, with the measured value. In the dog experiments, the rebreathing was performed 7 times in each of 7 dogs. Immediately after the rebreathing arterial and mixed venous blood were sampled and analyzed for avDo2. For each rebreathing period the avDo, was calculated by using the C02 dissociation curve obtained in the individual dogs. The correlation coefficient between the measured and calculated avDo2 was 0.87, demonstrating reasonable validity of the method. The Vo2 was further measured from the time interval during which a known amount of pure 02 was consumed. Then, the cardiac output was calculated by dividing the Vo2 by the measured and calculated avDo2. The correlation coefficient between the respective cardiac output values was 0.88, indicating the reliability of using the calculated avDo 2.
Since LoEWY and SCHROTTER (1903) described a method to estimate mixed venous P02 and P02 by inserting a balloon catheter into the bronchial tree, a number of investigators have attempted to indirectly measure the cardiac output from alveolar gas analysis. Especially since the development of an infrared C02 analyzer by FOWLER (1949) , many papers have appeared concerning the cardiac output measurement using C02 rebreathing. COLLIER (1956) measured the oxygenated venous Pco2 (ox-P02) by rebreathing hypercapnic air. DEFARES et al. (1961) elaborated an extrapolation method to estimate the ox-P0, from a CO,-curve during the rebreathing. KIM et al. (1966) attempted to obtain the true venous Pco2 (tr-PvcoZ) from the relationship between the gas exchange ratio and expired Pco2 during a prolonged expiration, assuming that the Haldane effect coefficient=0.32. However, the ox-and tr-P702 estimated from the rebreathing were generally erroneous (MOCHIZUKI et al., 1981a, b) , and no consistent indirect Fick's method has been established yet.
In the present study, the gas exchange ratio (R) was calculated from differences in 02 and C02 fractions between two successive inspiratory periods, assuming that inspiratory 02 and C02 levels represent the mean alveolar concentrations during the antecedent expiration. The R value thus calculated was linearly related to inspiratory Pco2 obtained at the same rebreathing period. Moreover, it was found that the slope of the above R-P02 line (K) was so consistent that the arteriovenous 02 content difference (avDo 2) could be calculated by dividing the gradient of the C02 dissociation curve (a') by the K value. In addition, because the 02 uptake (Vo2) could easily be measured during the rebreathing by injecting a known amount of pure 02 into a rebreathing bag, the cardiac output (Q) was calculated by dividing the Vo2 by avDo2 obtained in one rebreathing procedure. The Q obtained in the preliminary experiment on the human subject was fairly reproducible. Therefore, we attempted to compare the estimated avDo 2 with the measured value in dogs.
METHODS
Principle. Let the Haldane effect component of the venoarterial C02 content difference be vaDco2(H). Moreover, let us assume that, when R=0 and R=vaDco2(H)/avDo2, the inspiratory Pco2 values in rebreathing air represent ox-and tr-P702, respectively (CHRISTIANSEN et al., 1914) . Then, denoting the slope of the C02 dissociation curve of oxygenated blood in the middle between tr-and ox-P02 by a' (vol %/Torr), the vaDco2(H) is expressed by the following equation:
From inspiratory 02 and CO2 levels in rebreathing air as shown in Fig. 1A , the R value is calculated by dividing the change in CO2 fraction by that in 02 fraction. The details of the calculation will be described in the APPENDIX. There is a linear relation between the R and inspiratory Pco2 values obtained every rebreathing period, similar to the report of KIM et al. (1966) , and as shown in From Eqs. (1) and (2) the avDo2 is given by avDo2=a'/K (vol %), Vol. 34, No. 2, 1984 (2) 
and
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Equation (3) is the fundamental equation for obtaining the avD0 2 from the a' and K values. Experimental procedure. Seven mongrel dogs weighing from 7 to 14 kg were used in the experiment. The dogs were anesthetized with pentobarbital sodium (25 mg/kg) and immobilized by pancronium bromide (0.08 mg/kg) after the insertion of a tracheal cannula. After the injection of heparin in a dose of 400 U/ kg, two vascular catheters were inserted into the right ventricle and abdominal aorta for sampling mixed venous and arterial blood, respectively. During the steady-state breathing, a respiratory pump (Harvard, 624) was driven at a frequency of 0.3 Hz, and the ventilation volume was adjusted by varying the stroke volume so as to keep the end-tidal Pco2 around 40 Torr. The rebreathing was performed by using a piston cylinder instead of a rebreathing bag. The cylinder was driven manually with the stroke volume regulated from 200 to 600 ml. Usually, the rebreathing was started at an end-expiratory state by air inhalation, and its frequency was 0.5 Hz.
02 and C02 concentrations in rebreathing air were recorded by using a glow discharge gas analyzer (Sanei-1H02-4) (NITTA and MocHlzuKI, 1969) . After 7-10 min of steady-state breathing, arterial and venous blood were sampled simultaneously, and the steady-state breathing was then switched to the rebreathing. A typical recording of 02 and C02 concentrations during the rebreathing is shown in Fig. lA . After 10 to 11 rebreathings, 12-15 ml pure 02 was injected into the rebreathing cylinder during an expiration. The 02-curve showed a peak immediately after the 02 injection and gradually decreased as 02 was consumed. From the time interval required for 02 concentration to return to the initial level (AT, sec), Vo2 was calculated by dividing the injected 02 volume (ml, STPD) by AT. The starting point of d T was defined by an intersection of a step-up 02-curve and the line connecting the successive inspiratory 02 levels, as shown in Fig. 1A . The final point was determined by the intersection of a horizontal line passing the initial point and the line connecting the inspiratory 02 levels. The above method for Vo2 was validated in a preliminary experiment made in human subjects.
The blood 02 and C02 contents in arterial and mixed venous blood were measured by using a conventional Van Slyke apparatus. Arterial and venous F02, P02, cand pH were measured by the respective electrodes (IL-Meter, 227). The C02 dissociation curve in individual dogs was obtained in arterialized blood equilibrated with three Pco2 gas of 27, 39, and 62 Torr by using a tonometer (ILMeter, 237), The C02 content of the tonometered blood was analyzed with a Natelson's analyzer (NATELSON, 1951) . The slope of the C02 dissociation curve depends on Pco2. Thus, the Pco2 used for obtaining the a' value in Eq. (3) was evaluated from the R-P0, line by putting R=0.16, assuming the Haldane effect coefficient to be 0.32.
Data analysis. The gas exchange ratio along the 02-and C02-curves was calculated every other inspiratory period. Because a positive pressure was applied to the airway during the inspiration with a manual rebreathing cylinder, the inspiratory plateau usually observed in the human subject (Fig. 2) disappeared. Thus, we read a peak value in the inspiration as a substitute of the mean value. Let 02 and C02 fractions at the (n-1)'th and (n+l)'th inspiratory periods be Fn _ 1 and Fn + 1, and Gn _ 1 and Gn + 1, respectively. Furthermore, putting 4Fn = Fn _ 1-Fn + 1, and d Gn = Gn + 1-Gn _ 1, the R value at the n'th inspiratory phase was calculated by the following formula :
The successive R value was linearly related to the respective inspiratory PC02, as shown in Fig. 1B . The derivation of Eq. (4) is described in APPENDIX. Significance of the difference between measured and calculated avDo2 and Q values was examined with the Student's t-test. When P was greater than 0.1, the difference was considered to be not significant. Validation of the method for Vol. The validity of the 02-injection method for Vo2 was tested in a preliminary experiment on human subjects. During the rebreathing we obtained two Vo2 values through two different methods in the subject sitting in a body plethysmograph, and compared them with each other. In one method, a known amount of pure 02 was injected in a rebreathing bag as described in the present method; in the other, a changing rate of 02 concentration in rebreathing air was multiplied by a gas volume in the lung-bag system. The gas volume was determined through a pressure-volume relation during a Valsalva's maneuver according to DuBois et al. (1956) by using the body plethysmograph. The rebreathing was performed by using a 5-liters anesthesia bag according to a conventional method (COLLIER, 1956 ). Since we attempted to confirm reliabilities of avD0 2 and Q values, too, both 02 and C02 concentrations were recorded continuously during the rebreathing. As shown in Fig. 2 , both the patterns showed a plateau during the inspiratory period. During the first 10 rebreathings the 02 and C02 fractions were recorded in order to measure the 02 reduction rate, leaving the box door opened. Following the initial rebreathing stage, 100 ml pure 02 was injected into the rebreathing bag during an expiration. The 02 curve, showing an initial peak, gradually fell as injected 02 was consumed. Immediately after the 02 curve returned to the initial level before the injection, the body box was closed and Valsalva's maneuver was performed to measure the total lung capacity. The measurement was carried out in 5 healthy male subjects. The data are summarized in Table 1 . V02(I) shows the value obtained from the decay of the 02-curve and total lung capacity, and J02(II) is the value obtained by dividing the injected 02 volume (ml, STPD) by the time interval, 4T. The difference between V02(I) and J"02(II) was 0±6 ml (mean±S.D.), suggesting no significant difference (p>0.1). From the S.D. values in the individual subjects, the accuracies of both methods were conjectured to be identical.
In the 02-injection method the gas volume measurement was abbreviated, and in addition, neither complicated devices nor volume correction procedures were needed. Therefore, this method seemed to be more convenient than any other methods for V02.
RESULTS
The data on K, a', and avDo2 are summarized in Table 2 . Slope K was distributed in a range of 0.047 to 0.076 1 /Torr, and the mean was 0.061 1 /Torr. The a' value ranged from 0.308 to 0.376 vol %/Torr, and the mean was 0.352 vol %/Torr. The avDo2 (=a'/K) was in a range of 5.04 to 7.08 vol %. The average value was 6.01+0.71 vol% (mean+S.D.).
The calculated avDo2 agreed Japanese Journal of Physiology well with the measured value. The difference between the above two avDo2's lay within a range of -0.13 to 0.30 vol %, showing no significant difference between them (p>0.1).
In Table 3 are shown the summarized data on J'02 and Q together with the body weight. V02 increased in parallel with the body weight. The variation of V0, was about 7 % of the mean value. On the other hand, Q had a wide scattering even in each dog. The experiment lasted about 3 hr, and the cardiac output was reduced by bleeding with time. The direct and indirect Q values in Table 3 were obtained by dividing the same V02 by the measured and calculated avDo 2, respectively. The mean difference between these two Q values was about 20 ml/ min, and S.D. among individual dogs was 40 ml/min, suggesting no substantial difference (p>0.1). The C02 dissociation curves were somewhat different from those of human subjects (MocHIZUKI et al., 1982; TAZAWA et al., 1983) . The slopes of the curve are similar to each other. The correlation between the calculated and measured avDo 2 obtained from 49 experiments is shown in Fig. 3 . The correlation coefficient was 0.87, and the regression line was given by avDo2(calc.)=0.97. avDo2(meas.)--0.14, (vol %). Vol. 34, No. 2, 1984 A similar correlation was obtained between the indirect and direct Q values, as shown in Fig. 4 . The correlation coefficient was 0.88 and the regression line was given by Q(indirect)=1.0 Q(direct)+0.02 (liters/min) .
DISCUSSION
In the C02 rebreathing method for estimating Q value, the tr-and ox-Pvco 2 Japanese Journal of Physiology 4 Relationship between the Q value obtained by using avDo2 in Eq. and that obtained with the measured avDo2 (direct Q).
should necessarily be evaluated as well as the T'co2. The VCO2, depending on many variable parameters in the respiratory system, is too changeable to obtain an accurate value. In addition, the difference in Pco2 between mixed venous and arterial blood is usually less than 10 Torr, and an error of 1 Torr in Pco2 gives rise to an error of about 10% in Q value. Furthermore, a reliable value for the tr-and ox-P0, is not easily obtainable because of its instability, and therefore, it was difficult to obtain the accurate Q value from the C02 rebreathing (Moan-ZUKI et al., 1981 a) . From the R-P0, line as shown in Fig. 1 B, we estimated the tr-PVCO 2 by assuming the Haldane effect coefficient, vaDCO 2 (H) JavD0 2 =0.32, and compared it with the measured PVC02. Figure 5 shows the relationship between these two values. Except for one dog, the calculated tr-P0, was smaller than the measured. DENISON et al. (1969) compared the tr-PVco2 estimated by using Collier's method with the measured PVco2 in three human subjects. In their method a C02 /N2 gas mixture was rebreathed. Therefore, the estimated venous Pot coincided well with the measured PVo2. However, the estimated venous P002 (tr-PVC02) was consistently higher than the measured PvC0, by several Torr, contrary to our data in Fig. 5 . As for the ox-PVCO2 two methods have so far been compared. One is the extrapolation method of DEFARES et al. (1961) , and the other the plateau method of COLLIER (1956) . MUIESAN et al. (1968) reported that good agreement was observed between both ox-PVCO2 values. However, GoDFREY and WOLF (1972) reported that the plateau method gave several Torr higher ox-PVco2 values than the extrapolation method. Actually, it is fairly difficult to obtain consistent values for tr-and ox-PVco2. Therefore, in order to Vol. 34, No. 2, 1984 Fig. 5 . Relationship between tr-P002 calculated from R-P002 line by assuming Haldane effect coefficient=0.32, and that measured with a P002 electrode.
estimate the cardiac output alone, it seems desirable to use avDo2 rather than arterial and mixed venous Pco2. Unlike mixed venous and arterial Pco2, the slopes of the R-P02 line and C02 dissociation curve were fairly consistent. Consequently, the calculated avDo2 (=a'/K) seemed reliable. In contrast to Vco2, Vo2 in normoxia was almost independent of alveolar P02 and stable. Thus, the Q value calculated from V02 and avD0 2 was much more reproducible than that obtained by the C02 rebreathing method (MocHlzuKI et a!., 1981a) . In the preliminary experiment with human subjects, we attempted to calculate the Q value from Vo2 and avDo2 which were obtained from the 02-and C02-curves during rebreathing as shown in Fig. 2 .
The Q and its related parameters obtained from 6 normal subjects are summarized in Table 4 . The figures in the Table are the mean and S.D. in one subject on the same day. The S.D. of K and avDo2 were about 7.5 % of the mean values. The S.D. of the Q values in each subject was also about 7.5 % of the mean, namely, 0.451iters/min. This corresponds to one half the S.D, among individual subjects, 0.91iters/min, demonstrating good reproducibility of the method. The cardiac index computed was 3.56 liters/(min . m2), and the S.D. among individual subjects was 0.51iters/(min . m2). These values are compatible with the Q values measured by a direct Fick method (CoURNAND et al., 1945; STEAD et al., 1948) . The correlation coefficient between the measured and calculated avDo 2 shown in Fig. 3 was 0.87. Such a low correlation coefficient may be attributed to a great extent to technical errors in blood sampling, Van Slyke analysis, and the rebreathing procedures. For example, in the Van Slyke analysis a precision limit Japanese Journal of Physiology This work was supported in part by a Grant-in-Aid for Scientific Research (911304) from the Ministry of Education, Science and Culture of Japan. APPENDIX Derivation of gas exchange ratio (R) during the rebreathing Let 02 and C02 fractions and gas volume in the lung-bag-system at the (n-1)'th and (n+ 1)'th inspiratory periods be F_1, G_1, V,_1, and Vn + 17 respectively. Next, we assume that 02 is taken up by 4V02, C02 is expelled by 4V02, C and sample gas flows into the analyzer by 4V5 during the time interval between the (n-1)'th and (n+ l)'th inspiratory periods. Then, we get the following 3 relations with respect to the changes in gas volume, 02 and C02 volumes in the system, respectively :
Vn-1-Vn+1-4Vo2--QVc02+4Ys ,
Fn-1Vn-1-Fn+1Vn+1=t1 Vo2+d Vs • (Fn-1+Fn+1)h (6) and Gn+1Vn+1-Gn-1Vn-1=d VCO2+d Vs •(Gn+1~Gn_1)/2 .
Putting Eq. (5) into Eqs. (6) and (7), the following relations are derived for the 02 uptake and C02 output volumes :
~1 Vo2=(Vn-1-~1 VSl2)(Fn-1-1'n+1)/(1-Fn+1(l -R)) (8) and ~vco2=(Vn-1-~vsl2)(Gn+1-Gn-1)l(1-Gn+1(1-ll))
where R=JVcp2/4Vo2. Dividing 4V02 of Eq. (9) From the above equation it is clear that the R is not influenced by the sampled gas volume, dVS.
